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We describe an improved mathematical model for photorefractive materials exhibiting hole-electron
competition where the constants accounting for electrical coupling between holes and electrons
are independently adjusted for each one of them. Experimental results from photorefractive
titanosillenite crystals with hole-electron competition, and particularly from a vanadium doped
sample, are shown to be better described by this modified model than by the classical one already
reported in the literature. © 2009 American Institute of Physics. doi:10.1063/1.3272681
Hole-electron competition in photorefractive materials
has been the object of extensive research1–8 and different
theoretical models were already proposed to adequately de-
scribe the behavior of these materials. Undoped7 and
doped,9,10 sillenites have already shown hole-electron com-
petition effects. Among sillenites, vanadium doped Bi12TiO20
BTO:V is particularly interesting because it has been
shown9 to exhibit a strong hole-electron competition with
holes predominating over electrons and being generated from
different centers in the band gap. In these conditions, the
theoretical model states that the space charge modulation
buildup from electrons and from holes are ruled by a couple












where the indexes “1” and “2” indicate electrons and holes,








i = 1,2. 3
Here lsi is the Debye screening length,  the dielectric con-
stant, 0 the electric permittivity of vacuum, kB the Boltz-
mann constant, T the absolute temperature, q the absolute
charge of the carrier, E0 the applied electric field, and NDieff
is the effective density of photoactive centers. The two cou-
pling constants in Eqs. 1 and 2 are in fact different be-
cause of the corresponding different Debye screening lengths
for holes ls2 and for electrons ls1.
We propose here to introduce a phenomenological pa-
rameter  in order to further adjust the electrical coupling,
differently for holes and for electrons, for better fitting to










0  1,2  1. 4
An elementary using plane waves only hologram was re-
corded using the 514.5 nm wavelength line of an Ar+ laser,
with K=9.5 m−1, on our BTO:V crystal. The vanadium
concentration in this crystal is 0.30% in weight and the
sample dimensions are as follows: 2.5 mm thick along
axis 110, 3.7 mm width parallel to K and to axis 1̄10,
and 4.7 mm height parallel to axis 001 and perpendicular to
the incidence plane formed by the two recording beams. The
input crystal plane is the 4.73.7 mm2 surface that corre-
sponds to the crystallographic plane 110. The recording
was carried out on stabilized regime using a small glassplate
firmly fixed by the side of the sample as described in Ref. 11.
After recording, the hologram diffraction efficiency  was
measured, using the same recording beams as described, for
example, in Ref. 7, as a function of the externally applied
electric field E0. Figure 1 shows the experimental data mea-
sured in our BTO:V sample with strong hole-electron com-
petition and hole-donors density slightly larger than for elec-
trons. The corresponding theoretical model is also shown in
Fig. 1 where the parameters were selected continuous curve
to adequately fit the experimental data using different values
aElectronic mail: frejlich@ifi.unicamp.br.
FIG. 1. Diffraction efficiency as a function of the applied electric field
measured  •  on a V-doped BTO with hole-electron competition. The con-
tinuous curve is the theoretical fit assuming hole- and electron-charge car-
riers from independent photoactive centers with ls1=0.164 m, 1=0.99,
ls2=0.163 m, and 2=0.88 whereas the dashed curve is for 1=2=1 all
other parameters unchanged. A single factoring parameter on ordinates was
used for the continuous curve to fit the experimental data.
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of  for electrons and for holes. The dashed curve instead is
for the classical formulation with 1=2=1, all other param-
eters are the same as for the continuous curve. It is evident
that the former model represents our experimental data better
even if it is still far from perfect.
Figure 2 shows the experimental  data from another
BTO sample also exhibiting hole-electron competition,
showing the same general features of data in Fig. 1.
Figure 3 instead shows the dependence of  versus E0 as
measured on an undoped titanosillenite crystal BTO sample
with no detectable hole-electron competition. On the same
figure we show the theoretical curve for the case of a single
charge carrier and single photoactive center with parameters
selected to adequately fit the experimental data, with ordi-
nates in arbitrary units as in Fig. 2 as we are interested on
shape similarities only. In this case an effective applied
actual-to-nominal ratio electric field coefficient 	=0.52 was
assumed. This coefficient was 	1 in all other experiments
here reported.
The Debye screening length is the distance characteriz-
ing the exponential electric potential decay of a shielded iso-
lated charge. It is inversely related to the effective density of
photoactive centers NDeff and plays a role in the buildup of
the space-charge field during holographic recording. If the
Debye length is small compared to the period of the recorded
grating, the actual space-charge field achieved during record-
ing will be controlled by the visibility of the recording pat-
tern of light without any limitation from the relatively large
density of photoactive centers in the material. On the other
hand, if the Debye length is comparable to the grating pe-
riod, the actual space-charge field will be somewhat limited
by the reduced density of these photoactive centers.
The Debye length is also inversely related to the electri-
cal coupling constant. In the present case a slightly larger
density of effective photoactive centers for holes means a
shorter associated Debye length and a slightly larger cou-
pling constant 21 as is actually the case. A further reduction
in the coupling constant may arise from the fact that holes
and electrons may be generated at slightly different posi-
tions. Such a separation may affect differently holes and
electrons according to the corresponding size of the associ-
ated Debye length. As holes are coupled by 12 to the
electron-arising space charge field, and the latter is charac-
terized by a slightly larger Debye length ls1
 ls2, the as-
sociated reduction in 12 should be also less significant than
for 21. In short, the coefficient  associated to the electron-
based space charge field buildup should be slightly larger
1=0.99 than for the hole-based space charge field 2
=0.88 as is actually the case here.
In conclusion, we have demonstrated the necessity of
somewhat modifying the coupling constant in the hole-
electron competition theoretical model by including a phe-
nomenological parameter . It is nevertheless important to
hold in mind that, regardless of the theoretical justification
we may find, this  coefficient is necessary in order to better
fit experimental data using a slightly adjusted already known
theoretical model.
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FIG. 2. Diffraction efficiency measured on a BTO sample showing hole-
electron competition with the dashed line being just a guide for the eyes.
FIG. 3. Diffraction efficiency data  •  as a function of the applied electric
field for a nominally undoped BTO sample without sensible hole-electron
competition. The continuous line represents the best theoretical fitting with
ls=0.03 m and the effective field coefficient 	=0.52. Ordinates are in
arbitrary units.
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